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Posttranscriptional Gene Silencing Is Not Compromised
in the Arabidopsis CARPEL FACTORY (DICER-LIKE1)
Mutant, a Homolog of Dicer-1 from Drosophila
(Figure 1A; [16]). While this paper was under review,
new nomenclature was proposed to describe the protein
function rather than mutant phenotype for CAF/SIN1/
SUS1 [18]; we have adopted this nomenclature and will
refer to this gene as DICER-LIKE1 (DCL1). Like Dicer-1
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P.O. Box 1600 and its homologs in man and C. elegans, DCL1 also
contains a PAZ protein-protein interaction domain [2,Canberra ACT 2601
Australia 20]. This domain also occurs in other proteins that have
been genetically linked to PTGS pathways in plants2 Department of Biochemistry
Institute of Chemistry (AGO1), Neurospora crassa (QDE2), and C. elegans
(RDE-1), suggesting that it may be important in the for-Universidade Federal do Rio de Janeiro
Brazil mation of complexes involved in dsRNA degradation
[21–23]. The dcl1-9 T-DNA insertion allele encodes a
truncated protein in which the carboxy-terminal 73
amino acids are replaced by eight amino acids encodedSummary
by the T-DNA [16]. This truncation removes only the
second dsRNA binding domain, suggesting that therePosttranscriptional silencing (PTGS) in plants, nema-
may be some residual DCL1 activity in this mutant [16].todes, Drosophila, and perhaps all eukaryotes oper-
Despite this, dcl1-9 mutants have severe developmentalates by sequence-specific degradation or transla-
abnormalities, and the production of miRNAs is signifi-tional inhibition of the target mRNA. These processes
cantly reduced [4, 16, 17]. This suggests that DCL1 isare mediated by duplexed RNA. In Drosophila and
a functional homolog of Dicer-1 for the production ofnematodes, double-stranded (ds)RNA or self-comple-
miRNAs, but it is not clear whether, like Dicer-1 in ani-mentary RNA is processed into fragments of approxi-
mals, DCL1 also plays a role in the posttranscriptionalmately 21 nt by Dicer-1 [1, 2]. These small interfering
gene silencing pathway and in siRNA formation. To ad-RNAs (siRNAs) serve as guides to target degradation
dress this question, we tested the role of DCL1 in post-of homologous single-stranded (ss)RNA [1, 3]. In some
transcriptional gene silencing.cases, the approximately 21 nt guide fragments de-
The dcl1-9 homozygous plants are late flowering andrived from endogenous, imperfectly self-complemen-
have a severe, pleiotropic phenotype including reducedtary RNAs cause translational inhibition of their target
stature, altered leaf shape, loss of axillary buds, andmRNAs, with which they have substantial, but not per-
abnormal floral morphology, making them infertile [16,fect sequence complementarity [4–6]. These small
19]. We reasoned that PTGS of endogenous genes, suchtemporal RNAs (stRNAs) belong to a class of noncod-
as EIN2, CHS, and FLC, that confer visible phenotypesing microRNAs (miRNAs), 20–24 nt in length, that are
would be difficult to score [24]. Instead, we targeted thefound in flies, plants, nematodes, and mammals [4,
neomycin phosphotransferase (NptII) selectable marker6–12]. In nematodes, the Dicer-1 enzyme catalyzes
on the T-DNA inserted into the DCL1 gene for silencing.the production of both siRNA and stRNA [2, 13–15].
We transformed Arabidopsis plants, ecotype LandsbergMutation of the Arabidopsis Dicer-1 homolog, CARPEL
erecta, Ler, with a T-DNA construct carrying the BarFACTORY (CAF), blocks miRNA production [1, 4, 16–
gene, encoding resistance to phosphinothrycin, and an18]. Here, we report that the same caf mutant does
inverted repeat of NptII coding sequences under thenot block either PTGS or siRNA production induced by
control of the Cauliflower mosaic virus 35S promoter.self-complementary hairpin RNA. This suggests either
To test the ability of this 35S:NptII hairpin constructthat this mutation only impairs miRNA formation or,
to induce silencing, we crossed several independentmore interestingly, that plants have two distinct dicer-
primary transformants with a second transgenic line car-like enzymes, one for miRNA and another for siRNAi
rying an active Nos:NptII gene. We scored silencing byproduction.
assaying for NptII enzyme activity [25] and for the pro-
duction of siRNAs [24] with homology to NptII in F1
Results and Discussion progeny that inherited both the hairpin and its target.
We identified several plants in which insertions of the
The carpel factory/dicer-like1-9 Mutant Does Not NptII silencing construct silenced the Nos:NptII target
Block Posttranscriptional Silencing in the F1 progeny (Figure 2).
CARPEL FACTORY, also known as SHORT INTEGU- Selfed progeny of plants identified as having a
MENTS1 or SUSPENSOR1 [19], an Arabidopsis homolog 35S:NptII hairpin, which effectively silenced the NptII
of Dicer-1, has two amino-terminal DEAD box RNA heli- target, were then crossed with a dcl1-9/DCL1 heterozy-
case domains, a putative nuclear localization signal, gote, and F1 plants that inherited both the dcl1-9 T-DNA
and, in the carboxy-terminal region of the protein, two insertion allele and the NptII hairpin construct were iden-
RNase III domains and two dsRNA binding domains tified by PCR (for genotyping protocols, see the Supple-
mentary Material available with this article online). Si-
lencing of the NptII gene was verified in the F1 plants,* Corresponding author: jean.finnegan@csiro.au
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Figure 1. The Dicer Family of Enzymes
(A) Comparison of the domain organization
in the animal Dicer proteins [29–31;
AB073024(DCR2)] with that predicted for the
four members of the Arabidopsis DICER-LIKE
(DCL) family. Black bars correspond to the full
protein sequence, drawn to scale, overlaid
by the predicted domains as follows: nuclear
localization sequence (NLS, gray), DEAD/
DEAH box helicase and helicase-C (dark and
light blue), pfam03368 domain of unknown
function (DUF283, green), PAZ domain (white),
RNase III (red), and double-stranded RNA
binding domain (dsRBD, yellow). An asterisk
marks the site of insertion of the T-DNA.
(B) Unrooted tree composed of animal dicer
proteins, Arabidopsis DCL-like members, and
RNaseIII and helicases. This tree was built
via the neighbor-joining and amino acid
p-distance methods, with a pair-wise deletion
option performed on the pattern-induced
multialignment. A bootstrap test with 5000
replications assured the topology of the tree
branches. The major branch (in blue) joins the
animal Dicer homologs (red) and Arabidopsis
DCL-like proteins (green). Bootstrap replica-
tion values greater than 90% were indicated
in the main branching points.
and those plants in which silencing occurred were trans- to select for those containing the NptII hairpin silencing
construct or on nonselective medium to obtain plantsferred to soil and allowed to self-pollinate. We plated
F2 seeds either on medium containing phosphinothricin lacking the hairpin. The genotype at the DCL1 locus
was determined by PCR. NPTII activity was measured
in individual leaves of dcl1-9/DCL1 and dcl1-9/dcl1-9
plants and compared with the activity of corresponding
plants that lacked the NptII hairpin silencing construct.
We predicted that if DCL1 is required for siRNA pro-
duction, then the hairpin construct would trigger degra-
dation of the NptII mRNA in plants heterozygous for the
dcl1-9 mutation, whereas plants homozygous for the
dcl1-9 T-DNA insertion would show reduced or no si-
lencing of the NptII gene. We found no detectable NPTII
activity and greatly reduced levels of NptII mRNA in leaf
material of all plants carrying the NptII hairpin (Figures
3A and 3B). Plants homozygous for the dcl1-9/dcl1-9
mutant allele showed silencing that was as effective as
that in the heterozygotes (our unpublished data). Abnor-
mal floral development is one of the most striking fea-
tures of the dcl1-9 mutant, suggesting that, at least in
Figure 2. The 35S:NptII Hairpin Construct Silences a Nos:NptII Tar- this tissue, the T-DNA insertion significantly compro-
get Gene mises DCL1 activity. We compared the efficiency of NptII
(A) Plants containing the Nos:NptII transgene and the 35S:NptII hair- silencing in both floral and leaf tissue from the dcl1-9
pin (hp) showed little if any NPTII activity. NPTII activity was assayed homozygous plants and found that in both tissues the
as previously described [25]. Plants were genotyped by PCR for NptII gene was silenced by the hairpin construct (Figure
both constructs (Supplementary Material).
3A). Consistent with this, siRNAs with homology to NptII(B) siRNAs with homology to NptII were identified as previously
were detected in leaves of dcl1-9 homozygotes (Figuredescribed [24] in plants carrying both the hairpin silencing construct
and the Nos:NptII target. 3C). The level of siRNAs present in homozygous dcl1-9
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Figure 4. dcl1-9/DCL1 Plants Make Both siRNA and miRNAs, but
the Homozygous Mutant Has Lost the Ability to Make miRNAs
(A) NptII hairpin induced siRNAs in heterozygous or homozygous
dcl1-9 mutant plants. The lower panel is an Ethidium Bromide-
stained gel indicating the relative loading of the samples used in
the upper panel.Figure 3. Hairpin RNA-Induced Silencing and the Production of
siRNAs Are Not Compromised in the dcl1-9 Mutant (B) The upper panel shows the presence or absence of miRNA158
in a subset of the plants used in (A). The olignucleotide 5-TGC(A) NPTII activity [24] in leaf (L) and inflorescence (F) from four
TTTGTCACATTTGGGA-3 probe was end labeled with Terminalindividual homozygous dcl1-9 mutant plants, three of which inher-
Transferase (Promega) according to the manufacturer’s specifica-ited the 35S:NptII hairpin (hp) construct, and from one control plant
tions. The lower panel shows the same gel reprobed with a secondlacking the silencing construct. NPTII activity in leaves of positive
end-labeled oligonucleotide, 5-GCAGGGGCCATGCTAATCTTCTC(Nos:NptII) and negative (wild-type) controls are also shown. Plants
TGTATCGT-3, that detects the ubiquitously expressed U6 tran-were genotyped by PCR for the presence of both the hairpin and
script.the T-DNA insertion at the DCL1 locus (Supplementary Material).
(B) NptII mRNA was detected by reverse-transcription polymerase
chain assay (RT-PCR) with primers that detect only the NptII tran-
dcl1-9 mutant are in contrast to recent reports showingscript from the T-DNA, but not that from the NptII hairpin (left panel).
RT-PCR of the ubiquitously expressed FDH (At5g43940) gene was a significant reduction in the production of miRNAs in
used as a control for RNA concentration (right panel). The reaction the same mutant [4, 17]. We monitored the production
mix for the lanes marked  included AMV reverse transcriptase, of two miRNA species, miRNA156 and miRNA158, in
whereas the reverse transcriptase was omitted in those marked .
some of the RNA samples used for our analysis of NptII(C) siRNA production [24] in caf heterozygous or homozygous plants
siRNAs (Figure 4A). We detected both miRNAs in hetero-that carry the 35S:NptII hairpin (hp) construct is shown in the upper
zygous but not in homozygous dcl1-9 mutants, confirm-panel. Wild-type plants carrying the hairpin but lacking the NosNptII
target also produce NptII siRNAs (upper panel). The lower panel is ing the observations of Reinhart et al., [4] (Figure 4B
an Ethidium Bromide-stained gel indicating the relative loading of and our unpublished data). Our observation that the
the samples used in the upper panel. homozygous dcl1-9 mutant has a differential effect on
siRNA and miRNA production raises several possibili-
ties. The first two scenarios allow that DCL1 is the func-plants was equivalent to that seen in dcl1-9/DCL1 het-
erozygotes and wild-type plants lacking the Nos:NptII tional homolog of the Drosophila Dicer-1. Firstly, if DCL1
is involved in the production of both miRNA and siRNA,target (Figure 3C).
Our observations that neither PTGS nor the produc- then the concentration of template molecules may be
critical in the truncated dcl1-9 mutant because thetion of siRNAs are compromised in the homozygous
Brief Communication
239
dcl1-9 protein could have either decreased activity or of the four DCLs is evolutionarily and functionally more
related to the Dicer-1 proteins identified to date, but itreduced stability. It is likely that the NptII hairpin RNA
in our transgenic plants is present at a higher concentra- is tempting to speculate that DCL1 and DCL2, which
share all the conserved domains identified in animaltion than the RNA template for production of the miRNA.
Secondly, DCL1 may play a role in the production of Dicers, both act as Dicer in Arabidopsis.
The RNAi pathway in Drosophila embryos can showboth siRNA and miRNA, but the truncation of DCL1 by
insertion of a T-DNA in exon 19 may separate these reduced efficacy or be inhibited by injection of an excess
of unrelated dsRNA even if it has no corresponding tar-two functions. In this scenario, only one dsRNA binding
domain is required for the production of siRNA mole- get ssRNA [26], suggesting that the Dicer-1 enzyme or
other components of the pathway that processescules (i.e., for function as Dicer-1 in posttranscriptional
gene silencing), whereas both domains are indispens- dsRNA are limiting. Similarly, PTGS of one gene can
be inhibited by the presence of excess hairpin RNAable for the production of miRNA molecules. This differ-
ence could arise because the hairpin RNA that triggers targeting a second gene (S.V. Wesley and P.M.W., un-
published data). The PTGS pathway in plants has proba-PTGS forms a perfect inverted repeat, whereas the pre-
dicted templates for miRNA production contain mis- bly evolved to protect plants against invading RNA vi-
ruses and transposable elements [27]. Perhaps plantsmatches [4, 12].
Finally, it is also possible that, in plants, the Dicer have evolved two distinct Dicer-like enzymes, one for
plant protection (siRNA production) and one for regulat-enzyme for siRNA is different from that for miRNA. Be-
cause DCL1 is member of a small gene family in Arabi- ing development (miRNA production). The location of
these two dicer enzymes in different cellular compart-dopsis, other member(s) of this family may fulfill the
RNase role in posttranscriptional silencing. The defini- ments would prevent any potential disruption to devel-
opmental pathways through the saturation of Dicer aftertive test of assessing siRNA production in a dcl1 null
mutant is not feasible because the null mutant is homo- virus infection. DCL2, which probably resides in the cy-
toplasm, could be important in siRNA production andzygous lethal [19].
in defense against viral infection. DCL1, which is likely
to be localized to the nucleus, could be more important
DCL1 Is a Member of a Small Gene Family in the production of miRNAs but could also play a role
in Arabidopsis in degrading any hairpin RNA that is localized within the
A search of the Arabidopsis genomic and cDNA data- nucleus [28]. Support for the separation of roles of these
bases for DCL1-like sequences identified three other two Dicer-like enzymes comes from our observation that
genes, which encode proteins having significant se- the 35NptII hairpin does not cause any dcl1-9-like mu-
quence and domain similarities with DCL1 (Figure 1A). tant phenotype in dcl1-9/DCL1 heterozygotes, an out-
All three genes have the DEAD/Helicase and the dupli- come predicted if the large excess of hairpin RNA were
cated RNase III domains seen in DCL1, but other do- able to saturate the Dicer machinery required for miRNA
mains, including the two dsRNA binding domains, the production. Further elucidation of the role of these pro-
PAZ domain and the nuclear localization signal, are not teins in the production of small RNA molecules will re-
conserved in all family members. For example, DCL4 quire an analysis of mutants of the four DCL proteins,
(At5g20320) lacks a PAZ domain; DCL3 (At3g43920) has including additional alleles of DCL1.
no dsRNA binding domains, whereas DCL2 (At3g03300)
Supplementary Materialhas only one copy of this domain, more like the Dicer-1
Supplementary Experimental Procedures as well as an additionalproteins of Drosophila, nematodes, and man (Figure 1A).
figure are available with this article online at http://images.cellpress.Neither DCL3 nor DCL2 have a recognizable nuclear-
com/supmat/supmatin.htm.
localization signal, suggesting that these two putative
RNases are present in the cytoplasm. A common domain Acknowledgments
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